The sequence data of environmental samples generated for this study were deposited in the NCBI GenBank Short Read Archive (SRA) under accession numbers SAMN06227039-SAMN06227045.

Introduction {#sec001}
============

The amplification of small subunit (SSU) ribosomal RNA (rRNA) genes to study microbial diversity in diverse environments has been performed since the advent of molecular phylogeny. The development of many molecular techniques has aided such studies, such as cloning and sequencing \[[@pone.0186161.ref001]\], denaturing gradient gel electrophoresis (DGGE) \[[@pone.0186161.ref002]\], terminal restriction fragment length polymorphism (T-RFLP) analysis \[[@pone.0186161.ref003]\], and high throughput sequencing \[[@pone.0186161.ref004]\]. However, these PCR-based techniques largely depend on the coverage of the so-called 'universal' primer sets, many drawbacks of which have been reviewed \[[@pone.0186161.ref005]--[@pone.0186161.ref009]\]. Although metagenomic methods can avoid the bias introduced by PCR-based techniques, they provide very limited 16S rRNA gene related reads in the datasets for analysis \[[@pone.0186161.ref010]--[@pone.0186161.ref013]\].

The use of RNA-seq in metatranscriptomics provides a snapshot of transcriptional profiles within a microbial community at the time of sampling, providing a feasible method for the functional analysis of microbial communities. However, the target of most metatranscriptomic analyses is mRNA, which only accounts for 1--5% of the total RNA in microbes \[[@pone.0186161.ref014]\]. Therefore, rRNA is usually removed to enrich mRNA, which is then reverse-transcribed for sequencing and analysis \[[@pone.0186161.ref014]--[@pone.0186161.ref016]\]. In comparison, rRNA accounts for more than 90% of the total microbial RNA, making rRNA suitable for the analysis of microbial communities. However, mRNA enrichment significantly alters the composition of the remaining microbial rRNA, thus this method cannot be reliably used for community profiling \[[@pone.0186161.ref014]\]. Urich *et al*. \[[@pone.0186161.ref005]\] first developed a novel metatranscriptome approach to simultaneously characterize the function and structure of soil microbial community. This 'Double-RNA approach', characterizing a microbial community using both rRNA and mRNA, has also been applied in subsequent studies \[[@pone.0186161.ref017]--[@pone.0186161.ref019]\]. The reverse-transcription of total RNA with random primers can avoid the bias generated by PCR amplification of SSU rRNA gene, and can also compensate for the shortcoming of metagenomics. To enrich SSU rRNA reads in the metatranscriptome, our group developed a gel-extracted SSU rRNA reverse-transcription method for microbial population analysis of active sludge and anaerobic sludge samples \[[@pone.0186161.ref020]\]. The enriched SSU rRNA-based RNA-seq method has also been applied to the canine mouth \[[@pone.0186161.ref011]\] and an anaerobic bioreactor \[[@pone.0186161.ref012]\].

Keeping in mind that a higher potential for protein synthesis would correspond to higher rates of transcribed rRNA including SSU rRNA, the abundance of rRNA for each microbial type, relying on both cell and their ribosome number \[[@pone.0186161.ref012]\], has been used as an indicator of the potential physiological activity \[[@pone.0186161.ref021]\]. This methodology offered the advantage of a *priori* knowledge of which main microbial groups and activities were expected \[[@pone.0186161.ref012]\]. At the same time, it also offers an opportunity to identify potentially active microbes belonging to the 'shadow biosphere' that have escaped detection due to the inefficient coverage of 'universal' primer sets \[[@pone.0186161.ref022]\].

However, microbial population analysis utilizing SSU rRNA within RNA-seq data has not been broadly applied in the field of microbial ecology because its accuracy has not been confirmed using a mock community. Additional reasons for the limited application of this method include the requirement for high qualities of RNA \[[@pone.0186161.ref011]\] and the difficulty of performing alpha- and beta-diversity analyses due to differences in the regions covered by the sequences, although we already used V3 region covered sequences (32--36% of the reverse-transcribed SSU rRNA sequences) in a previous study \[[@pone.0186161.ref020]\].

In this study, a modified method is presented to construct a transcriptome library using a low quantity of RNA that is suitable for SSU rRNA sequencing and analysis. The developed method has several advantages, and its accuracy was confirmed using mock communities. In addition, non-coverage rates of a universal primer were evaluated within different bacterial taxa.

Materials and methods {#sec002}
=====================

Ethics statement {#sec003}
----------------

For the environmental samples taken from Chongming Island, such as salt-marsh sediments and mudflat surface water, sampling activities were permitted by the Chongming Dongtan National Nature Reserve Management Office, Shanghai, China. For microbial sampling of tap water and the leaf surfaces of *Osmanthus fragrans*, no specific permissions were required since they were of publicly available and our activities did not have any effects on their normal use. All field studies did not involve endangered or protected species. Sampling of forehead skin surfaces was approved by the Ethical Committee of Fudan University as a part of a human skin-related study prior to implementation.

Description of samples {#sec004}
----------------------

For mock communities, three bacterial isolates (*Bacillus subtilis* WB600, *Chryseobacterium caeni* N4^T^, and *Escherichia coli* DH5α), one archaeal isolate (*Halobacterium halobium* CCTCC AB 91027) and one fungal isolate (*Pichia pastoris* CS115) were used in this study.

Tidal salt-marsh sediments (0--2 cm) were collected from two sites in Dongtan of Chongming Island in November, 2014 as described previously \[[@pone.0186161.ref023]\], with each site vegetated by *Phragmites australis* (Pa) and *Spartina alterniflora* (Sa), respectively. Mudflat surface water was collected from Chongming Island (121°57′E, 31°33′N) in October, 2015. All Chongming Island samples were collected in triplicate and pooled, then were transferred to the lab on ice within two hours. Mudflat surface water (300 mL) was filtered through 25 mm diameter, 0.22 μm mixed cellulose ester (MCE) filters (Sangon Biotech, Shanghai, China), taking approximately 5 minutes. A total volume of 500 mL of tap water was used for filtration using the same method. Microbes from a shower curtain were collected in a male dormitory of Fudan University in November, 2015. Microbes were also sampled from the surface of *Osmanthus fragrans* leaves that were collected from Fudan University campus, and those sampled from foreheads were collected from three adult volunteers. All surface samples were collected in triplicates using swabs, with each collection taken from a 25 cm^2^ area (for the leaf surfaces a 10 cm^2^ area was used) with polyester fiber-tipped swabs that were moistened with a solution of 0.15 M NaCl and 0.1% Tween 20. The swab heads were removed using sterilized tweezers and were carefully stored in Lysis/Binding buffer (Ambion, Austin, TX) at 4°C until RNA extraction.

RNA extraction {#sec005}
--------------

Total RNA of all prokaryotes was isolated using RNAiso Plus reagent (TaKaRa, Dalian, China) after a lysozyme digestion procedure. Fungal RNA was extracted as described by Mannan *et al*. \[[@pone.0186161.ref024]\]. Total nucleic acid (NA) was extracted from 0.5 g of salt-marsh sediments as recommended by Lüdemann *et al*. \[[@pone.0186161.ref025]\]. Isolation of total NA from the remaining five samples was conducted using a mirVana RNA Isolation Kit (Ambion, Austin, TX) according to the manufacturer's instructions after a glass beads vortex step.

The total RNA or NA was visualized in a 1% (w/v) agarose gel after electrophoresis to assess the sample integrity. The bands containing SSU rRNA of microbial isolates and Pa sediments were excised from the agarose gel, and SSU rRNA was then purified from the gel using a Qiaquick Gel Extraction Kit (Qiagen, Hilden, Germany). Electrophoresis was conducted to assess the integrity of enriched SSU rRNA, and a BioAnalyzer 2100 (Agilent Technologies, Palo Alto, CA) was used to check for any contamination.

Total NA from all samples was stored at -80°C and RNA samples were quantified using a Qubit RNA Assay Kit on Qubit 2.0 fluorometer (Life Technologies, Carlsbad, CA) before the preparation of RNA-seq libraries.

Preparation of RNA-seq libraries {#sec006}
--------------------------------

All RNA-seq libraries in our study were prepared using a method that was modified from the RNA-seq Library Preparation Kit protocol (Gnomegen, San Diego, CA). Total NA or gel-extracted SSU rRNA was heat-denatured at 65°C for 5 minutes instead of the kit-suggested fragmentation at 95°C. Next, a RNA-seq 5' adaptor was directly ligated to the 5' end of the heat-denatured full-length RNA at 37°C for two hours. After the ligation products were purified using a Gnome Size Selector (Gnomegen, San Diego, CA), the first strand of cDNA was synthesized from the products with a tagged random hexamer. The cDNA was also purified using a Gnome Size Selector according to the standard instructions. To enrich the products for sequencing, 15-cycles of PCR amplification were performed on the first cDNA strands using Illumina compatible primer sets. These primers were designed according to the adaptor and tag sequences and were complementary to the standard Illumina forward and reverse primers. The reverse primer also contained an 8-nucleotide (nt) indexing sequence to allow for multiplexing. The 400--600 base pair (bp) PCR products were size-selected using a Gnome Size Selector and were sequenced on an Illumina MiSeq platform using the 2 x 300 paired end protocol.

A preliminary experiment was designed to confirm that genomic DNA would not interfere with the library preparation and bioinformatics analysis. Total NA from Sa sediments were digested with DNase I (TaKaRa, Dalian, China) for one hour, and total RNA was purified with a MiniElute Cleanup Kit (Qiagen, Hilden, Germany). The absence of residual genomic DNA was assessed by a 30-cycle PCR amplification of the purified RNA with the bacterial universal primers 8F and 536R \[[@pone.0186161.ref008]\]. Next, 25 or 200 ng of λ phage DNA were respectively added into two sets of 25 ng purified total RNA, and RNA-seq libraries were also constructed as described above. Products of the libraries were then A-tailed and cloned into pMD19-T vectors (TaKaRa, Dalian, China) for sequencing of positive clones to detect λ phage sequence-related clones.

To test the accuracy of the SSU rRNA-based community analysis using the modified RNA-seq method, three mock communities (Mock 1, 2 and 3) were constructed by combining SSU rRNA of the five microbial isolates at different ratios ([S1 Table](#pone.0186161.s001){ref-type="supplementary-material"}). For environmental samples, the RNA quantities used as input for RNA-seq library construction are listed in [S2 Table](#pone.0186161.s002){ref-type="supplementary-material"}. The steps used to prepare all libraries were performed as described above. The RNA-seq library construction with or without RNA denaturation was also performed on mock communities to determine the effect on community structures.

Analysis pipeline {#sec007}
-----------------

Paired-end reads were pre-processed with Sickle software v1.33 \[[@pone.0186161.ref026]\] to trim and filter reads with a phred quality score below 20. *De novo* assembly was conducted with the command join_pair_end.py in QIIME v1.8.0 \[[@pone.0186161.ref027]\]. Assembled sequences with ambiguous nucleotides and homopolymer lengths longer than eight nucleotides were removed in mothur v1.33.3 \[[@pone.0186161.ref028]\].

For taxonomic annotation of mock communities, a SILVA-formatted SSU rRNA reference database was constructed based on nearly complete SSU rRNA sequences of the five isolates (GenBank accession numbers CP015004, DQ336714, CP014092, M11583 and FR839631). SILVA-formatted LSU rRNA (large subunit rRNA) reference database was constructed with the same method by using the complete LSU rRNA sequences (GenBank accession numbers CP009749, AUFK01000006, AE014075, X03407 and FN392325). The 'minlength' parameter of the 'screen.seqs' command was set several times to select the appropriate size of sequences for classification. Taxonomic annotations were determined using the 'classify.seqs' command in mothur v1.33.3 with a bootstrap cut-off of 80% as previously proposed \[[@pone.0186161.ref029]\].

To correctly assign all SSU rRNA reads within the RNA-seq datasets of the environmental samples, sequences longer than 250 bp were classified against the SILVA SSURef v119 database in MIPE (<https://github.com/zoubinok/MIPE>) with a bootstrap cut-off of 80%, and sequences that were identified as chloroplast, mitochondria or human were removed. Mismatches of the utilized primer 8F (`5’- AGAGTTTGAT (C/T) (A/C) TGGCTCAG-3’`) \[[@pone.0186161.ref008]\] in all the bacterial SSU rRNA sequences were also identified in this software. Candidate LSU rRNA sequences were determined by their maximum alignment scores from the output of four alignment files and were annotated using the SILVA LSUref v119 database in mothur v1.33.3. Sequences that fell below a cut-off threshold of less than 80% for the SSU and LSU rRNA annotations or which had an alignment score lower than 10 were considered to be non-rRNA sequences and were aligned to the NCBI non-redundant protein database (released on November 26, 2015) using BLASTX with an e value of 10^−5^ to identify mRNA transcripts. Identified archaeal and bacterial SSU rRNA sequences were aligned and trimmed to leave the 8F-V1-V2 region (*E*. *coli* position 8 to 242), and the OTU (operational taxonomic unit) based community structure and diversity index calculations were analyzed as described by Kozich *et al*. \[[@pone.0186161.ref030]\]. Representative OTU sequences at a cut-off of 0.03 were taxonomically classified against the SILVA SSURef v119 database with a bootstrap cut-off of 50% as previously recommended \[[@pone.0186161.ref029]\], and OTUs belonging to chloroplasts or mitochondria were also removed from the analysis. For datasets of tap water, shower curtain, leaf surfaces, mudflat surface water and forehead, SSU rRNA sequences of the prevalent fungal phylum were aligned against the SILVA SSU rRNA database for detailed taxonomic information using BLASTn with an e value of 10^−5^. The sequence datasets of the environmental samples generated in this study were deposited in the NCBI GenBank Short Read Archive (SRA) under the accession numbers SRR5172053- SRR5172059.

Statistical analysis {#sec008}
--------------------

Linear regression analyses were performed to compare community compositions between RNA-seq and mock datasets for the three mock communities, and community compositions of Pa sediments derived from different methods. A two-tailed Fisher's exact test was performed in STAMP software \[[@pone.0186161.ref031]\] to determine the significance of difference in proportions for each sequence type between the two Pa sediment datasets.

Results {#sec009}
=======

Accuracy test {#sec010}
-------------

Using a minimum input of 10 ng of SSU rRNA for library construction ([S1 Table](#pone.0186161.s001){ref-type="supplementary-material"}), three mock communities, containing bacterial, archaeal and fungal SSU rRNA were analyzed using more than 30 thousand SSU rRNA reads for each community ([S3 Table](#pone.0186161.s003){ref-type="supplementary-material"}). Overall, the communities that were determined using the RNA-seq datasets were highly consistent with the mocks according to the correlation analysis (r^2^ = 0.81--0.93) ([Fig 1](#pone.0186161.g001){ref-type="fig"}). Moreover, the detected relative contents of the bacterial isolates *B*. *subtilis* and *E*. *coli*, and the yeast isolate *P*. *pastoris* matched with those present in the theoretical mock communities, while the bacterial isolate *C*. *caeni* and the archaeal isolate *H*. *halobium* were over or under estimated ([S4 Table](#pone.0186161.s004){ref-type="supplementary-material"}). Without heat-denaturation of the mixed SSU rRNA prior to the adaptor ligation step, a sequence length-dependent ratio variation for *C*. *caeni* and *H*. *halobium* was observed, and the effect became more noticeable for two sequence length cut-off values (\>200 bp and \>360 bp). When the minimum length was at 200 bp, the *C*. *caeni* contents were consistently overestimated by approximately two to threefold, in contrast to the two to threefold underestimation observed for *H*. *halobium*. If sequences longer than 360 bp were utilized, all the ratios were much closer to the theoretical ones except for *H*. *halobium*. To decrease the effect of RNA secondary structure on reverse-transcription, a denaturation step for mixed SSU rRNA was added before the adaptor ligation step, and the three communities were re-examined. Although the RNA denaturation increased the *C*. *caeni* bias, the underestimation bias for *H*. *halobium* was decreased, and the *C*. *caeni* bias could also be controlled by the selection of a cut-off sequence length (\>250 bp).

![Comparison of the communities identified by SSU rRNA between RNA-seq and mock datasets.\
The percentages of SSU rRNA sequences for a particular strain within the two datasets were plotted. The 200, 250 and 360 bp values in the legends represent the trimmed minimum sequence lengths used for the community analysis. R^2^ values are coefficients of the regression equations.](pone.0186161.g001){#pone.0186161.g001}

The Mock 2 community was selected for the analysis of size distribution patterns of the five isolates since their SSU rRNA were equally abundant in the community. In [Fig 2](#pone.0186161.g002){ref-type="fig"}, it can be clearly observed that their distribution patterns were different, with several unique peaks within each isolate. However, some unique peaks for each isolate overlapped with or without the initial RNA denaturation process. Extremely high numbers of peaks in the sequence length distribution of *C*. *caeni* and *H*. *halobium* were observed, which sharpened at 219 bp (0.2 and 14.6%) and 355 bp (12.8 and 6.6%) for *C*. *caeni* and at 294 bp (0.5 and 0.8%) and 449 bp (1.2 and 0.2%) for *H*. *halobium*. During the construction of the library, some amplification cycles were required before enough double-stranded cDNA could be obtained for sequencing. Because the PCR amplification efficiency is much higher for shorter size sequences \[[@pone.0186161.ref032]\], the short cut-off length (200 bp) used for the RNA denatured mock communities notably increased the overestimation of *C*. *caeni*. In contrast, the long cut-off length (360 bp) caused the proportion of *H*. *halobium* to decrease because the primary unique length sequences were discarded. Therefore, the 250 bp cut-off length was selected for the following analysis.

![Length distribution of SSU rRNA sequences for the five microbial isolates in the Mock 2 community.\
A comparison was conducted between different RNA processing methods, without (blue) and with (orange) RNA denaturation. The x-axis indicates the read length of the SSU rRNA sequences, and the y-axis indicates the percentages of the SSU rRNA sequences obtained for the five isolates.](pone.0186161.g002){#pone.0186161.g002}

Sequence type {#sec011}
-------------

In the preliminary experiments, even when high amounts of λ phage DNA was added into purified total RNA before RNA-seq library preparation, no λ phage sequences were detected within the library products (data not shown). This confirmed the hypothesis that residual genomic DNA has no effect on the library construction and analysis. Therefore, the RNA-seq libraries of all the environmental samples, in addition to an SSU rRNA enriched library for Pa sediments, were constructed from total NA.

Raw sequences in all the RNA-seq data were trimmed, assembled and filtered by quality and lengths. For RNA-seq datasets of mock communities and environmental samples, the sequence information retained after these preprocesses is shown in [S3 Table](#pone.0186161.s003){ref-type="supplementary-material"} and [Table 1](#pone.0186161.t001){ref-type="table"}, respectively.

10.1371/journal.pone.0186161.t001

###### Contents of different sequence types within RNA-seq datasets of environmental samples.

![](pone.0186161.t001){#pone.0186161.t001g}

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                                                                      Pa-Total [^a^](#t001fn001){ref-type="table-fn"}   Pa-SSU [^b^](#t001fn002){ref-type="table-fn"}   Tap Water\    Shower Curtain\   Leaf Surfaces\   Mudflat Water\   Forehead\                                                                                
                                                                                                                                                                        (TW)          (SC)              (LS)             (MW)             (FH)                                                                                     
  ------------------------------------------------------- ----------- ------------------------------------------------- ----------------------------------------------- ------------- ----------------- ---------------- ---------------- ------------- ---------- ------------- ---------- ------------- ---------- ------------- ----------
  **All**                                                             **406,164**                                                                                       **426,311**                     **205,258**                       **336,092**              **484,020**              **168,730**              **255,433**   

  **LSU rRNA**                                                        **109,497**                                       **27.0**                                        **114,257**   **26.8**          **126,280**      **61.5**         **239,948**   **71.4**   **412,872**   **85.3**   **128,881**   **76.4**   **162,377**   **63.6**

                                                          Archaea     1,936                                             1.8                                             1,921         1.7               8                0.0              11            0.0        21            0.0        36            0.0        129           0.1

                                                          Bacteria    66,235                                            60.5                                            78,362        68.6              53,462           42.3             64,054        26.7       13,546        3.3        8,981         7.0        91,545        56.4

                                                          Eukaryota   41,326                                            37.7                                            33,974        29.7              72,810           57.7             175,883       73.3       399,305       96.7       119,864       93.0       70,703        43.5

  **SSU rRNA**                                                        **220,427**                                       **54.3**                                        **277,826**   **65.2**          **65,655**       **32.0**         **91,976**    **27.4**   **65,530**    **13.5**   **33,514**    **19.9**   **82,945**    **32.5**

                                                          Archaea     3,383                                             1.5                                             4,027         1.4               13               0.0              14            0.0        23            0.0        43            0.1        159           0.2

                                                          Bacteria    159,684                                           72.4                                            26,2015       94.3              51,198           78.0             70,878        77.1       16,254        24.8       9,542         28.5       62,870        75.8

                                                          Eukaryota   57,360                                            26.0                                            11,784        4.2               14,444           22.0             21,084        22.9       49,253        75.2       23,929        71.4       19,916        24.0

  **mRNA**                                                            **8,191**                                         **2.0**                                         **6,863**     **1.6**           **8,939**        **4.4**          **1,311**     **0.4**    **2,264**     **0.5**    **2,195**     **1.3**    **2,116**     **0.8**

  **Others** [^**c**^](#t001fn003){ref-type="table-fn"}               **68,049**                                        **16.8**                                        **27,365**    **6.4**           **4,164**        **2.0**          **2,759**     **0.8**    **3,354**     **0.7**    **4,140**     **2.5**    **7,461**     **2.9**
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

^a^ RNA-seq dataset of salt-marsh sediments vegetated by *Phragmites australis*, for which total nucleic acid was used for library preparation.

^b^ RNA-seq dataset of salt-marsh sediments vegetated by *Phragmites australis*, for which only enriched SSU rRNA was used for library preparation.

^c^ Unassigned sequences and sequences belonging to chloroplasts, mitochondria or human.

Most of the classified sequences (74.9--96.4%) in mock communities belonged to SSU rRNA of the five isolates ([S3 Table](#pone.0186161.s003){ref-type="supplementary-material"}). However, a small fraction of LSU rRNA sequences still remained in these enriched SSU rRNA-derived datasets, accounting for 2.6 to 12.5% of the total sequences in these groups ([S3 Table](#pone.0186161.s003){ref-type="supplementary-material"}). For RNA-seq datasets of environmental samples, more than 80% of the sequences were rRNA sequences ([Table 1](#pone.0186161.t001){ref-type="table"}). For Pa sediments, the difference in SSU rRNA sequences within the two datasets was only approximately 10%, although the proportion in the enriched SSU rRNA-derived dataset (Pa-SSU) was significantly increased compared with that observed in the dataset derived from total NA (Pa-Total) (Fisher's exact test, *P* \< 0.001). In addition, no significant difference was observed for the fraction of LSU rRNA sequences between the two datasets (Fisher's exact test, *P* \> 0.05). The proportion of *Eukaryota* in SSU rRNA reads of Pa-SSU (4.2%) was significantly decreased compared with that in Pa-Total (26.0%) (Fisher's exact test, *P* \< 0.001), which may be attributed to the loss of some long sequences related to eukaryotic 18S rRNA during gel-purification of SSU rRNA.

Position distribution of 16S rRNA and non-coverage evaluation of the 8F primer {#sec012}
------------------------------------------------------------------------------

The 16S rRNA sequences longer than 250 bp were selected from the mock community datasets to analyze position distributions ([Fig 3A--3C](#pone.0186161.g003){ref-type="fig"}). The distributions of prokaryotic 16S rRNA from these communities were similar and primarily covered the 8F primer, V1 and V2 regions between *E*. *coli* positions 8 to 242 (78.7, 72.1, and 65.7% for the three mock communities, respectively). For the 16S rRNA present within the datasets, such as for Pa-Total and Pa-SSU (46.4 and 59.5% respectively), the distribution patterns were similar to those of the mock communities ([Fig 3D and 3E](#pone.0186161.g003){ref-type="fig"}). Further analysis confirmed the percentages of bacterial 16S rRNA sequences in OTU-related community analysis, ranging from 44.5%-- 59.8% ([S7 Table](#pone.0186161.s007){ref-type="supplementary-material"}).

![Position distribution patterns of 16S rRNA sequences from different RNA-seq datasets.\
An RNA denaturation step was performed before library preparation. a, Mock 1; b, Mock 2; c, Mock 3; d, Pa-Total; e, Pa-SSU. Explanations for Pa-Total and Pa-SSU are given in [Table 1](#pone.0186161.t001){ref-type="table"}.](pone.0186161.g003){#pone.0186161.g003}

More than half of the bacterial 16S rRNA sequences in each dataset were observed to contain the complete 8F primer region, and non-coverage rates of the primer were evaluated at different taxonomic levels by using all these SSU rRNA sequences ([S5 Table](#pone.0186161.s005){ref-type="supplementary-material"}). Only a small proportion of the detected bacterial reads contained mismatched nucleotides, accounting for just 0.57 and 3.10% of the reads in the shower curtain and leaf surfaces datasets, respectively ([Fig 4A](#pone.0186161.g004){ref-type="fig"}). Such sequences were distributed among various phyla, with those of the phylum *Proteobacteria* discovered in all datasets and had less than 1% non-coverage rates ([Fig 4B](#pone.0186161.g004){ref-type="fig"}). However, for the phylum-unclassified sequences, mismatch rates of up to 38.7% were observed (leaf surfaces dataset), much higher than that of other phyla ([Fig 4B](#pone.0186161.g004){ref-type="fig"}, [S5 Table](#pone.0186161.s005){ref-type="supplementary-material"}).

![Non-coverage rates of the bacterial primer 8F.\
Evaluation of non-coverage rates for primer 8F in total bacteria (a) and different phyla (b). The phyla with less than 10 non-coverage sequences in the datasets are not shown. The non-coverage rates were calculated by dividing non-coverage sequences (having at least one mismatch within primer 8F) of taxa with their relative total sequences. Explanations of abbreviations are given in [Table 1](#pone.0186161.t001){ref-type="table"}.](pone.0186161.g004){#pone.0186161.g004}

Community structures and diversity analysis for environmental samples {#sec013}
---------------------------------------------------------------------

Both Pa sediment samples and some low-biomass samples from diverse environments, such as tap water, shower curtain, leaf surfaces, mudflat surface water and the skin of human foreheads, were utilized for analysis of community structures with the modified RNA-seq method described in this study.

Community structures of Pa sediments were initially characterized using all SSU rRNA sequences from the Pa-Total and Pa-SSU datasets. The correlation between the community structures was studied and the percentages of each specific taxon were plotted at different taxonomic levels ([Fig 5](#pone.0186161.g005){ref-type="fig"}). The microbial communities were very similar to each other, even at genus level (slopes of the regression equations were 0.89 to 1.03, r^2^ \> 0.76), although all SSU rRNA sequences had very different community proportions between the Pa-Total and Pa-SSU at the domain level, notably for *Eukaryota* (26.0% *vs*. 4.2%). In addition, a good correlation was also observed in their eukaryotic communities (r^2^ = 0.93). OTU-based prokaryotic structures were also described for the two datasets using only the 8F-V1-V2 containing 16S rRNA sequences. Such community structures also correlated well with those determined by all the SSU rRNA sequences above the genus level (slopes of 1.00--1.08 and r^2^ \> 0.84 for Pa-Total; slopes of 0.91--1.00 and r^2^ \> 0.81 for Pa-SSU) ([S1](#pone.0186161.s008){ref-type="supplementary-material"} and [S2](#pone.0186161.s009){ref-type="supplementary-material"} Figs).

![Comparison of the communities identified by SSU rRNA between enriched SSU rRNA- and total NA-derived RNA-seq datasets at different taxonomic levels.\
a, Phylum; b, Class; c, Order; d, Family; e, Genus; and f, Eukaryota. The percentages of SSU rRNA sequences for a particular taxon within the two datasets were plotted, and the eukaryotic percentages were plotted according to relative abundances of the fourth rank based on the SILVA database. The values in the legends are the slopes and coefficients of the regression equations, respectively. Explanations of Pa-Total and Pa-SSU are given in [Table 1](#pone.0186161.t001){ref-type="table"}.](pone.0186161.g005){#pone.0186161.g005}

SSU rRNA sequences of the other five datasets were also analyzed, as mentioned above. At the domain level, *Eukaryota* dominated the SSU rRNA sequences of the leaf surfaces (75.2%) and mudflat surface water (71.4%) ([Table 1](#pone.0186161.t001){ref-type="table"}). In contrast, *Bacteria* dominated SSU rRNA sequences in the other three datasets, and the proportions ranged from 72.1 to 78.0% ([Table 1](#pone.0186161.t001){ref-type="table"}). Because of the small proportions of *Archaea*, only *Bacteria* and *Eukaryota* were selected for further analysis. OTU-based communities were determined for bacteria ([Fig 6A](#pone.0186161.g006){ref-type="fig"}, [S6 Table](#pone.0186161.s006){ref-type="supplementary-material"}), while eukaryotic communities were profiled using all their 18S rRNA sequences ([Fig 6B](#pone.0186161.g006){ref-type="fig"}, [S6 Table](#pone.0186161.s006){ref-type="supplementary-material"}).

![Relative abundances of bacterial and eukaryotic taxa in the five datasets.\
a, relative abundance of bacterial taxa at phylum level; b, relative abundance of representative eukaryotic taxa at the fourth rank. 'Other phyla' or 'Other', includes taxa that made up of small fractions (\<1%). 'Unclassified', includes sequences under a bootstrap cut-off value of 50% for bacteria or 80% for eukaryota. Explanations of abbreviations are given in [Table 1](#pone.0186161.t001){ref-type="table"}.](pone.0186161.g006){#pone.0186161.g006}

At the phylum level, *Proteobacteria* or *Actinobacteria* was the most abundant potentially active taxa in all bacterial communities of low-biomass samples, except that of leaf surfaces. For example, the phylum *Proteobacteria* predominated in tap water (53.64%) and mudflat surface water (66.96%) datasets, while *Actinobacteria* predominated the shower curtain (63.42%) and forehead (81.80%) datasets. In *Proteobacteria* community of tap water, the *α-* (21.30%) and *β-* (24.17%) *Proteobacterial* classes were prevalent, with more than half of their sequences belonging to the order *Rhizobiales* and the family *Comamonadaceae*, respectively. In comparison, the most potentially active *Proteobacterial* taxa within mudflat surface water were determined to be in the family *Rhodobacteraceae* in the class *Alphaproteobacteria*, the family *Comamonadaceae* in the class *Betaproteobacteria* and the order *Alteromonadales* in the class *Gammaproteobacteria*. In addition to *Proteobacteria*, two more abundant potentially active taxa in tap water were assigned to the class *Acidobacteria* in the phylum *Acidobacteria* (11.39%) and to the genus *Nitrospira* in the phylum *Nitrospirae* (9.39%), compared to the only other potentially active phylum *Bacteroidetes* (15.24%) present in mudflat surface water. For the potentially active phylum *Actinobacteria*, the prevalent members within the shower curtain dataset were the families *Intrasporangiaceae* (22.5%), *Micrococcaceae* (19.0%) and *Nocardiaceae* (12.3%), different from the absolute single dominance of the genus *Propionibacterium* (80.47%) observed in forehead dataset. For the leaf surfaces, the potentially active bacteria were dominated by four subsections of phylum *Cyanobacteria* (48.6%), notably the genus *Chroococcidiopsis* of subsection II, although *Proteobacteria* (21.5%) and *Actionobacteria* (8.7%) were also relatively abundant.

In potentially active eukaryotic communities, *Fungi* was the most abundant in the shower curtain, leaf surfaces and forehead, in contrast to the small fraction it accounted for in tap water. Although the phylum *Ascomycota* predominated in shower curtain and leaf surfaces datasets (96.4 and 88.2%, respectively), nearly all the fungal sequences within the shower curtain dataset belonged to the classes of *Dothideomycetes* Incertae sedis and *Dothideomycetes* contrasting to the predominance of orders *Dothideales* and *Pleosporales* in leaf surfaces. For forehead, phylum *Basidiomycota* accounted for 85.7% and nearly all the sequences were assigned to the genus *Malassezia*. The most abundant potentially active eukaryotic taxa in mudflat surface water were classified as the protozoan *Ciliophora*, though approximately one fourth of the 18S rRNA sequences in this dataset were unclassified.

The alpha diversity indices of the environmental samples were calculated by employing 8F-V1-V2 containing sequences at different cut-off values ([S7 Table](#pone.0186161.s007){ref-type="supplementary-material"}), and comparisons were conducted when same number of sequences were subsampled ([S3 Fig](#pone.0186161.s010){ref-type="supplementary-material"}). For Pa sediments, the obtained number of OTUs for Pa-Total was approximately equal to that for Pa-SSU at any cut-off distance for archaea or bacteria. The same trend was also observed from the Chao, ACE and Shannon analyses. In the other five datasets, the leaf surfaces showed relatively high diversity.

Discussion {#sec014}
==========

Since the first use of next-generation sequencing in metatranscriptomics, the use of RNA-seq approaches has provided insights into the function of microorganisms in diverse environmental samples. However, for RNA-seq analyses, a high input quantity (\>100 ng) of purified RNA is usually required \[[@pone.0186161.ref015], [@pone.0186161.ref016], [@pone.0186161.ref033], [@pone.0186161.ref034]\], while SSU rRNA enriched method requires even higher amounts \[[@pone.0186161.ref011], [@pone.0186161.ref020]\]. Because adaptor ligation generally occurs after random-primed double-stranded cDNA synthesis in standard protocols \[[@pone.0186161.ref035]\], contaminated DNA should be removed before library preparation. In the present study, a modified method of using a low input (10--100 ng) of RNA by combining a 5' end adaptor pre-ligation for library construction was developed to remove the interference of contaminating DNA. In addition to an accuracy analysis in mock communities in this study, different types of environmental samples (Pa sediment samples, and low-biomass samples, such as tap water) were also selected to evaluate the developed method.

Experimental and analytical reliability of the RNA-seq method {#sec015}
-------------------------------------------------------------

The reliability and accuracy of the developed method was confirmed by the composition analysis of three mock communities, which included SSU rRNA of microbial isolates from the three domains of life, *Archaea*, *Bacteria*, and *Eukaryota*. The populations could be determined when the SSU rRNA was mixed at a span of 0.1 to 10 fold, though the ratios of *C*. *caeni* and *H*. *halobium* showed two or three folds bias. To improve the accuracy of this method, heat-denaturation of RNA before the adaptor ligation step was proposed. The results of the size distribution patterns of the assembled sequences clearly showed that the patterns of different microbes were different, with several unique peaks being present for each isolate, suggesting that the hybridization of random primers to RNA was not randomized \[[@pone.0186161.ref035], [@pone.0186161.ref036]\] and that the sequence length used for the community analysis is also a factor that should be taken into account. In addition, the adaptor ligation efficiency \[[@pone.0186161.ref037]\] and PCR amplification \[[@pone.0186161.ref038]\] of templates with different GC contents during library construction of RNA-seq can also bias the content estimation of *H*. *halobium* (68% GC content in 16S rRNA) and *C*. *caeni* (34% GC content in 16S rRNA).

The bacterial or fungal composition and calculated diversity indices of Pa-SSU correlated well with that of Pa-Total. However, it is notable that the content of the remaining LSU rRNA sequences in Pa-SSU was highly consistent with a previous report \[[@pone.0186161.ref020]\]. These LSU rRNA sequences may have originated from self-primed synthesis \[[@pone.0186161.ref039]\] or a physical shearing effect during RNA extraction \[[@pone.0186161.ref040]\]. A closer inspection for LSU rRNA sequences of the five isolates in Mock 2 community revealed that the starting points of adaptor ligation for LSU rRNA were primarily located at the 5' end and were frequently distributed in the middle ([S4 Fig](#pone.0186161.s011){ref-type="supplementary-material"}), suggesting a breakdown at the middle position when handling RNA. Therefore, LSU rRNA formed at least one fragment with a similar size to SSU rRNA with a ligated adaptor and was the origin of the LSU rRNA sequences in the Pa-SSU dataset. Thus, considering the tedious step of SSU rRNA gel-extraction, the high quantity requirement of SSU rRNA and the low efficiency in removing LSU rRNA in the SSU rRNA enriched method, the total NA construction method may be more applicable than the former in low RNA yield samples that have low biomass, especially the interference of genomic DNA is confirmed to be absent. Therefore, the total NA method was used for the low biomass samples, such as tap water, shower curtain, leaf surfaces, mudflat water, and forehead ([S2 Table](#pone.0186161.s002){ref-type="supplementary-material"}).

Coverage evaluation of 8F primer {#sec016}
--------------------------------

Previous studies of 16S rRNA sequences have highlighted the necessity of accurate classification by employing near complete sequences \[[@pone.0186161.ref029], [@pone.0186161.ref041]\]. Primer 8F is generally used for bacterial community analysis with nearly full length 16S rRNA gene sequencing \[[@pone.0186161.ref042]\], and for analyzing the V1-V2 and V1-V3 regions of 16S rRNA gene sequences in next-generation sequencing \[[@pone.0186161.ref043]--[@pone.0186161.ref045]\]. The coverage of the bacterial universal primers for the 16S rRNA gene plays a crucial role in the correct understanding of microbial community structures.

In addition to information on microbial diversity, the position distribution of the 16S rRNA sequences also attracts the attention to the mismatches of the 8F primer. Although the non-coverage rates of 8F for bacteria were less than 3.5% in all datasets ([Fig 4A](#pone.0186161.g004){ref-type="fig"}), high non-coverage rates (up to 38.69%) were detected in unassigned sequences at the phylum level, which indicated the detection of many unidentified phyla-related sequences in these SSU rRNA reads. Therefore, we can design group specific primers based on 8F mismatch types in the phylum-unclassified sequences, and amplify nearly full length sequences that could be accurately assigned into novel candidate phyla \[[@pone.0186161.ref022], [@pone.0186161.ref046]\] paired with a universal reverse primer.

Community structures for low microbial biomass environmental samples {#sec017}
--------------------------------------------------------------------

The limitation for microbial population analysis that rely on the SSU rRNA-based sequence method is the difficulty in obtaining high quantities of enriched SSU rRNA from various environmental samples \[[@pone.0186161.ref011]\]. The total NA method was applied to different environmental samples with relatively low contents of total RNA ([S2 Table](#pone.0186161.s002){ref-type="supplementary-material"}) without DNase I treatment.

In drinking water, the physiological activity of the nitrogen cycle is of great importance to human health \[[@pone.0186161.ref047], [@pone.0186161.ref048]\]. Previously reported *Rhizobiales* \[[@pone.0186161.ref049]\] and *Comamonadacea* \[[@pone.0186161.ref050]\] related bacteria were also been detected with a relatively high potential activity in the present study. However, the RNA-seq data revealed that genus *Nitrospira* was also relatively abundant in the community rather than scarce as reported previously by the normal PCR amplification method \[[@pone.0186161.ref049], [@pone.0186161.ref051]\]. Members within this genus are important for nitrite oxidation and can even comprise as high as 78% of the biofilm forming cells in the distribution systems \[[@pone.0186161.ref052]\]. More interestingly, some bacteria within this group were discovered to be complete ammonia oxidizing bacteria \[[@pone.0186161.ref053], [@pone.0186161.ref054]\]. This suggested that the contribution of *Nitrospira* in nitrification of drinking water systems might have been previously underestimated by the general PCR method. Similar to *Nitrospira*, the phylum *Acidobacteria* was also an underestimated taxon by the PCR method compared with our RNA-seq data \[[@pone.0186161.ref049], [@pone.0186161.ref051]\]. Together with *Nitrospira*, this phylum was reported as an important participant in biofilm formation in drinking water systems and was unlikely to be of relevance to human health \[[@pone.0186161.ref049], [@pone.0186161.ref055], [@pone.0186161.ref056]\].

Opportunistic pathogens of the genera *Sphingomonas* and *Methylobacterium* in the α-*Proteobacteria* were once reported to dominate on shower curtains by 16S rRNA gene amplicon data \[[@pone.0186161.ref057], [@pone.0186161.ref058]\]. However, the 16S rRNA data in this study revealed that the phylum *Actinobacteria* was the most important. Its prevalent potentially active members, including those in the families *Intrasporangiaceae* (22.5%), *Micrococcaceae* (19.0%) and *Nocardiaceae* (12.3%) ([S6 Table](#pone.0186161.s006){ref-type="supplementary-material"}), were all reported to include increasing number of human-related pathogens \[[@pone.0186161.ref059]--[@pone.0186161.ref061]\].

The genera *Sphingomonas* and *Methylobacterium* were also the most common microbial community members of plant leaf surfaces and have great importance to plant health \[[@pone.0186161.ref062]\]. However, in the current RNA-seq dataset, their dominances were replaced by the phylum *Cyanobacteria* ([S6 Table](#pone.0186161.s006){ref-type="supplementary-material"}), which has been rarely reported before in the phyllosphere \[[@pone.0186161.ref063]--[@pone.0186161.ref066]\]. Members of this phylum are important primary producers and play important roles in the global carbon, oxygen and nitrogen cycles \[[@pone.0186161.ref067]\]. Notably, the potentially active unicellular genus *Chroococcidiopsis* was detected by our method, and members of this genus may contribute to the fixation of atmospheric nitrogen \[[@pone.0186161.ref068]\]. For the plant they inhabited, the acquisition of nitrogen from phyllosphere-associated cyanobacteria is an important mechanism \[[@pone.0186161.ref063]\].

*Eukaryota*, especially filamentous fungi and yeasts, was also a major group on the leaf surfaces, though bacteria dominated the microbial inhabitants \[[@pone.0186161.ref069], [@pone.0186161.ref070]\]. In contrast, approximately 66.3% of the SSU rRNA sequences in the RNA-seq dataset were assigned to fungi and mostly belonged to the phylum *Ascomycota* ([S6 Table](#pone.0186161.s006){ref-type="supplementary-material"}). Unlike the previous consensus, the prevalent orders *Dothideales* and *Pleosporales* were predominated by undescribed microbes with an unknown ecological function. Therefore, it is believed that their detailed classification requires further efforts. In addition, their underestimated potential roles also require further research because of their relevance to plant health.

Due to scarce data, the microbial community within mudflat surface water and the fungal community on the shower curtain cannot be directly compared with our RNA-seq data. However, the potentially active microbes revealed by our method are believed to be of great importance to the *in situ* physiological activity. This is also evidenced by the dominance of the potentially active genera *Propionibacterium* and *Malassezia* in the forehead data ([S6 Table](#pone.0186161.s006){ref-type="supplementary-material"}). Both genera are more related to human health, and their dominance here is also consistent with previous results obtained using PCR amplicons \[[@pone.0186161.ref071]--[@pone.0186161.ref073]\].

Therefore, the modified method is a powerful tool for characterizing potentially active microbial communities. Upon its broad application in microbial ecological analysis, it will also likely help in the discovery of more novel potentially active taxa on the basis of direct datasets of 8F primer mismatches it supplied.

Conclusions {#sec018}
===========

In this study, a modified RNA-seq library preparation method that was suitable for SSU rRNA-based community analysis was developed and tested. The accuracy of the method was confirmed by the analysis of three mock communities. By pre-ligating the adaptor to the 5' end of RNA, it is feasible to prepare RNA-seq libraries from total nucleic acids of environmental samples, even those with low quantities of total RNA, without elimination of DNA. Another advantage is the characterization of the diversity of microbial communities by the OTU-based method and the increased efficiency of generating 16S rRNA sequences for OTU analysis, even compared with our previous study \[[@pone.0186161.ref020]\]. Since high non-coverage rates of the bacterial 'universal' primer 8F for unassigned sequences at phylum level were determined in this study, the novel taxa-specific modified 8F primer and a reverse universal primer (e.g. 1492R) can be used to amplify nearly full-length 16S rRNA gene sequences for accurately identifying novel bacterial lineages \[[@pone.0186161.ref022], [@pone.0186161.ref046]\].

The modified RNA-seq method in this study may be useful to determine potentially active microbial community structure and diversity for various environmental samples, and will also have use in the identification of novel microbial taxa.

Supporting information {#sec019}
======================

###### Theoretical ratios and SSU rRNA quantities utilized in different mock communities for each isolate.
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###### Summary of obtained and utilized RNA quantities.
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###### Number of sequences generated from paired-end sequencing of RNA-seq libraries for mock communities.
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###### Determined SSU rRNA ratios of five reference strains in mock communities after RNA-seq analysis by different quality controls of sequence lengths.
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Click here for additional data file.

###### Non-coverage rates of the bacterial 8F primer at different taxonomic levels in the RNA-seq datasets of environmental samples.

The taxa with a non-coverage sequence number of less than 10 in the 16S rRNA data are not shown. Numbers in the brackets to the left of slashes denotes non-coverage sequences of the taxa, while numbers to the right of slashes denotes total sequences classified into the taxa. A single mismatch in a sequence was not allowed. The non-coverage rate for a taxon was calculated by dividing its non-coverage sequences with its total sequences. Explanations for abbreviations are given in [Table 1](#pone.0186161.t001){ref-type="table"}.
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Click here for additional data file.

###### Bacterial and eukaryotic communities of the five low-biomass samples.

Eukaryotic taxa with relative abundances \<1% are not displayed. Explanations for abbreviations are given in [Table 1](#pone.0186161.t001){ref-type="table"}.

(XLSX)
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Click here for additional data file.

###### Archaeal and bacterial richness estimation at different distance cut-off values for different environmental samples.

Explanations for abbreviations are given in [Table 1](#pone.0186161.t001){ref-type="table"}.

(DOCX)
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Click here for additional data file.

###### Comparison of prokaryotic community structures between the OTU-based method and all SSU rRNA--based method for total NA derived dataset.

Comparison of the community structures between the OTU-based method and all SSU rRNA -based method at different taxonomic levels (a Phylum, b Class, c Order, d Family, e Genus). The percentages calculated by the two methods were plotted, and the values in the legends are the slopes and coefficients of the regression equations, respectively. The explanation for Pa-Total is given in [Table 1](#pone.0186161.t001){ref-type="table"}.

(TIF)
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Click here for additional data file.

###### Comparison of prokaryotic community structures between the OTU-based method and all SSU rRNA--based method for gel-extracted SSU rRNA derived dataset.

Comparison of the community structures between the OTU-based method and all SSU rRNA-based method at different taxonomic levels (a phylum, b class, c order, d family, e genus). The percentages calculated by the two methods were plotted, and the values in the legends are the slopes and coefficients of the regression equations, respectively. The explanation for Pa-SSU is given in [Table 1](#pone.0186161.t001){ref-type="table"}.

(TIF)
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Click here for additional data file.

###### Archaeal and bacterial richness of different environmental samples.

Diversity index values were calculated using randomly selected sequences; for archaea, 500 sequences were randomly selected; for bacteria, 5000 sequences were randomly selected. ar, archaea; ba, bacteria. Explanations for abbreviations are given in [Table 1](#pone.0186161.t001){ref-type="table"}.

(TIF)
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###### Starting point distribution of LSU rRNA sequences for the five isolates in the Mock 2 community.

A comparison was conducted between different RNA processing methods, without (blue) and with (pink) RNA denaturation. The x-axis indicates the position of first nucleotide in the LSU rRNA sequences that ligated to adaptor, and the y-axis indicates the percentages in all LSU rRNA sequences obtained.

(TIF)
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Click here for additional data file.
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